ABSTRACT In order to predict the spatial magnetic field distribution (SMFD) of dry-type air-core reactors (DARs), the optimal structure of the three-loop simplified scaling model with adjustable ring position and turn number for DARs was investigated. First, the formulas for calculating the SMFD of the original model and the three-loop simplified model were derived according to Biot-Savart law and superposition theorem. Then, the optimal structure of the three-loop simplified model which is the closest to the original model was obtained based on the least squares method after calculating the magnetic induction intensity in six typical directions. In the typical directions, the prediction error of the optimal simplified model was less than 5.5%. Furthermore, the corresponding laws of the optimal simplified model structure in accordance with the original model structures were obtained. The results based on the magnetic field measurement platform indicate that the optimal structure of the three-loop simplified model with frequency 50 Hz is 37.5% relative height, which is very close to the structure, calculated by the corresponding law with 36.15% relative height.
I. INTRODUCTION
Dry-type air-core reactors (DARs) have been widely utilized in power systems due to favorable linearity, low loss, stable parameters and good fire resistance [1] - [5] . In spite of this, a strong magnetic field referred to as spatial magnetic field is inevitably generated surrounding DARs when under operating condition. Since DARs are primarily manufactured using pillar supports, the influence of the axial magnetic field on the grounding grid and the radial magnetic field on the surrounding electrical equipment are both nonnegligible [6] - [11] . More seriously, under the above circumstances, eddy currents and circulation may occur in the ferromagnetic materials nearby DARs resulting in core loss increase, temperature rise and misoperation of DAR protection functions [12] - [16] . It is becoming increasingly necessary and urgent to investigate the spatial magnetic field distribution (SMFD) and magnetic field prediction for DARs.
Although the SMFD can be measured accurately and intuitively by field measurement, plenty of human and material resources should be invested before any desired results are received. Besides, no data of SMFD can be measured before the construction of DAR is finished.
Up to now, two kinds of experimental scaling models of DARs based on Similarity Theory have been proposed to predict SMFD, which are the Scaling Models and the Simplified Scaling Models. After the scaling rules are set up, magnetic field of the scaling models along any direction can be easily measured as to predict the SMFD of DARs under the design stage.
With respect to the Scaling Models, both of the electrical parameters and SMFD can be obtained from the geometric similarity expansion after deriving the similarity principles of DARs [17] , [18] . However, winding a scaling model of a multi-encapsulated multi-layer DAR is still complicated and time-consuming in laboratory. It is necessary to find a simpler experimental model of DARs before they are manufactured.
The Simplified Scaling Models which are only composed by two or three loops of superimposing three coaxial coils along the axial direction were proposed to overcome the difficulties of the Scaling Models. Yu et al. [19] , [20] built three different simplified scaling models including the SINGLE model, 3FIXED model and FLEXIBLE model, in which magnetic flux densities were calculated along 5 typical traverses. Obviously, it is crucially important to optimize the structural parameters of simplified scaling models in order that the SMFD along the typical directions is as similar to the original DARs as possible. However, little research has focused on the optimal structure of simplified scaling models.
In this paper, the optimal structure of the simplified scaling model of DARs was investigated based on a three-loop simplified scaling model with adjustable ring position and turn number. Firstly, the mathematical expression of the original model and the simplified scaling model to calculate the SMFD in typical directions were derived according to Biot-Savart law. Then, the effects of distance between adjacent coils and turns of coils on SMFD of the simplified model were studied. The optimal structure of the simplified scaling model was obtained through simulation based on least squares method. Finally, a magnetic field measurement platform of simplified scaling model was established, whose results were statistically analyzed to demonstrate the validity of the optimal simplified scaling model.
II. THREE-LOOP SIMPLIFIED MODEL OF THE DAR
A single package DAR was selected as the original model because the structure with several parallel packages of DARs can be equivalent to a single package structure [21] . As shown in Fig. 1(a) , six typical directions, referred by abbreviations ATC, ATS, ATH, LTB, LTC, and LTH, were chosen to represent the SMFD of the entire space of the DAR as follows: As shown in Fig. 1(b) , a three-loop simplified scaling model of the DAR shown in Fig. 1(a) was composed by superimposing three coaxial coils along the axial direction. The upper and lower coil with n 1 turns are positioned at a distance of h on both sides of the center point O of the DAR. The middle coil is fixed in the center of the DAR whose number of turns is n 2 . The total number of turns of the simplified model is n = 2 × n 1 + n 2 . The simplified model and original model should satisfy the principle of equal total ampere-turns for the purpose of producing the same magnetic field [20] . Table 2 . The relative height percentage (ρ = h/H × 100%) and the relative turns percentage (η = n 2 /n × 100%) indicate the different spatial structures of the simplified model. With regard to each different H /D corresponding to the original model, an optimal simplified model structure that best matches the SMFD of the original model can be found.
III. CALCULATION OF SMFD
As shown in Fig. 2 , assuming the radius of a given currentcarrying loop is R. Taking the center O of the loop as the origin, the coordinate system was established where the plane of the loop is the xOy plane, the central axis of the loop is the z-axis. The mathematical expression of the loop is as follows:
P(x, y, z) is an arbitrary point in space, and A(x 1 , y 1 , 0) is an arbitrary point on the loop. The current element at point A satisfies:
The position vector − → r of point A to point P can be expressed as:
The expression of Biot-Savart law is:
where substituting (2) and (3) into (4), the magnetic induction intensity of point P can be obtained as:
where
The component of the magnetic induction intensity produced by the current-carrying loop in the space can be obtained as:
Taking the bottom plane of the original model as the xOy plane, the space rectangular coordinate system was established where the axis of the original model is the z-axis, the center O of the bottom plane is the origin. Neglecting the influence of the winding pitch angle, the SMFD of the original model can be obtained according to the superposition theorem. The magnetic induction intensity of a point P(x, y, z) in space is as follows:
where in (7),
B. SMFD OF THREE-LOOP SIMPLIFIED MODEL
The coordinate systems of the three-loop simplified model are the same as the original model. The simplified model of the DAR was established by superimposing three coaxial coils in the axial direction. The line width of the coaxial coil is W , and the current in the wire is i. The turns of the three coils are n=[n 1 , n 2 , n 1 ], and the positions are h=[H /2 − h, H /2, H /2+h]. Neglecting the influence of the winding pitch angle, the SMFD of the simplified model can be obtained according to the superposition theorem. The magnetic induction intensity of a point P(x, y, z) in space is as follows:
IV. SIMULATION OF OPTIMAL STRUCTURE THREE-LOOP SIMPLIFIED MODEL
The DAR models with H /D value from 0.5 to 2 were investigated where the fixed bottom diameter is selected as D = 124 mm and the wire width as W = 0.6 mm. The current of the original model coil is I = 1.5 A and the frequency f = 50Hz. The height is selected as 0.5-2 D, that is, 62-248 mm. The original model is considered to be tight winding, and the number of turns is selected as 104-414. To facilitate the calculation, a total of 31 sets of models were selected as the object of study, with 100-400 turns and an interval of 10. The current of the simplified model coil was calculated according to the principle of equal total ampereturns, i.e., i = NI /n. In order to make the ring of the simplified model have the right size, the total turns of the simplified model are set to 3/5 of the turns of the original model, i.e., n = 3N /5. The wire width, the bottom diameter and the height of the simplified model are all consistent with VOLUME 6, 2018 the original model. The contribution of the eddy current, skin effect, and background magnetic field are neglected.
A. INFLUENCE OF h ON SMFD
First, the influence of h changes of three-loop simplified model on SMFD was discussed so as to obtain the relationship between the coil height and optimal simplified structure. The number of turns of the three coils is equal to each other. The magnetic induction intensity in the six typical directions of the original model of N = 100 is shown in Fig. 3 . The ATC curve is similar to the ATH curve, while the LTC curve is similar to the LTH curve. As the measurement point moves away from the reactor, the magnetic induction intensity decreases to be consistent gradually, which means ATC and ATS, LTC and LTB can represent all directions between these two directions, respectively. Due to the longitudinal symmetry and cylindrical symmetry of DARs, the four directions, ATC, ATS, LTC, and LTB, can represent all the spatial directions of the reactor model.
The least squares method was utilized to find the optimal simplified model structure which was obtained by minimizing the magnetic induction intensity square error sum at each point in space. For a point P(x, y, z) in space, the error of magnetic induction intensity is as follows:
where |B o | is the module value of the original model magnetic induction intensity, |B s | is the model value of the simplified model magnetic induction intensity. Using the ATC direction as an example, 50 equal interval points were selected on a line segment from point (0, 0, 0) to point (0, 0, −D). The magnetic induction intensity error of each point was calculated. The square loss function is obtained as follows:
The optimal simplified model in the ATC direction can be obtained by searching for the smallest Q ATC . To find the overall optimal structure, the minimum value of the sum of Q values in the four directions should be found. The constraint is as follows: When N = 100, Q min = 9.3 × 10 −6 can be calculated. The structure of the optimal simplified model is ρ = 41%. As shown in Fig. 4 , the SMFD of the simplified model in the ATC, ATS and LTB directions is a good substitute for the original model when ρ = 41%. However, the SMFD of the simplified model along the LTC direction in the near-field region is distinctly different from the SMFD in the original model. The difference of the structure between the original model and the simplified model results in the difference of the SMFD. The original model is a coaxial solenoid, in which the magnetic field mainly concentrates on the axial direction and the magnetic induction intensity in the LTC near-field region is very small. The magnetic flux leakage of the middle coil of the simplified model near the LTC near-field region leads to a relatively large magnetic induction intensity.
The range of the near field is found to increase as the height of the original model increases. The range of the near field can be obtained as 0-H /5 via several calculations. Considering that the electrical equipment is not installed in the near-field region of the actual DAR, the SMFD in the LTC direction is studied in the range of H /5-D. The residual sum of squares (RSS) of (12) is 0.829004, and the adjusted R-square is 0.898855. These parameters show that the fitting formula has a satisfactory effect.
The root mean square error (RMSE) is defined as follows:
where y i is the actual value and f i is the predictive value. The RMSE was utilized as a criterion for simplified model prediction accuracy. The smaller the RMSE, the higher the prediction accuracy. As shown in Fig. 6(a The mean absolute percentage error (MAPE) is defined as follows:
where y i is the actual value, and f i is the predictive value. The MAPE is a measurement statistic that describes the accuracy of prediction methods. As shown in Fig. 6(b) , the MAPE of the optimal model increases as H /D increases. The changing trend of the MAPE is consistent with that of the RMSE. The MAPE of the optimal simplified model is in the range of 1.5-5.5% when the value of H /D is in the range of 0.5-2. This correlation shows that the optimal three-loop simplified model has satisfactory prediction accuracy. The determination coefficient (R 2 ) is a quantitative index indicating the intimate level of correlation between the predicted value and actual value, as shown in (15) . (15) where total sum of squares SS tot = As shown in Fig. 6(c) , the R 2 of the optimal model decreases as H /D increases. However, the R 2 remains above 0.98, which ensures the accuracy of the predicted magnetic field of the simplified model.
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B. INFLUENCE OF h AND n 2 ON SMFD
In the simulation, the turn number of the three-loop middle coil (n 2 ) is in the range from 1 to (n − 2). The turn number of the remaining two coils is n 1 = (n − n 2 )/2. Fig. 7(a) shows the relationship between h of the optimal model and H of the original model when n 2 varies. Taking n 2 as the z-axis, different colors indicate different values of n 2 . The relationship between h and H is consistent when n 2 varies, while h increases as H increases. The line connected by black dots in Fig. 7(a) is a curve formed by connecting points of n 2 = n/3. The projection of the line on the H -h plane is the graph in Fig. 5(a) . Furthermore, the structure of the optimal model corresponding to each original model can be between (h, n 2 ) and H. VOLUME 6, 2018 obtained, and the structure parameter (h, n 2 ) of the optimal model is uniquely determined. Fig. 7(b) shows the relationship between the structure parameter (h, n 2 ) of the optimal model and H of the original model. The structure parameter (h, n 2 ) increases as H increases where significantly positive correlation exists. Fig. 8(a) shows the relationship between ρ of the optimal simplified model and H /D of the original model when η = n 2 /n × 100% varies. The relationship between ρ and H /D is consistent as η varies. At the same time, there is a positive correlation between ρand η when H /D is determined, because the magnetic field produced by the middle coil of the simplified model becomes stronger as the number of turns of the middle coil increases. The magnetic field produced by the remaining two coils which should be far from the middle coil becomes weak. In Fig. 8(a) , the line connected by black dots represents the relationship between ρ and H /D when η is 33%. The projection of the line on the H /D-ρ plane is shown in Fig. 5(b) . As shown in Fig. 8(b) , the structure of the optimal model corresponding to each original model can be obtained, and the structure parameter (ρ, η) of the optimal model is unique. As can be seen from Fig. 8(c) and  8(d) , the ρ of the optimal model decreases as H /D increases, and the η of the optimal model increases as H /D increases. The relationship between them can be expressed by the fitting formula as follows:
As shown in Fig. 9(a) , the RMSE increases as H /D increases. The RMSE of the optimal model is in the range from 0.025 to 0.043 mT when the value of H /D is in the range from 0.5 to 2. The RMSE of the optimal model is less than that of the model discussed in the previous section, in which only h is taken into account. This correlation shows that the prediction error is obviously smaller when h and n 2 change simultaneously. As shown in Fig. 9(b) , the MAPE increases as H /D increases. Moreover, the growth rate of MAPE is faster and the prediction effect of the optimal simplified model becomes worse as H /D increases. However, the MAPE of the optimal model is in the range from 1% to 7% when the value of H /D is in the range from 0.5 to 2. The MAPE in the ATC direction is less than 2%, which is a satisfactory accuracy in engineering applications. As shown in Fig. 9(c) , the R 2 of the optimal model decreases as H /D increases. R 2 also reflects that the prediction error increases as H /D increases. However, the R 2 remains above 0.98 which ensures the accuracy of the predicted magnetic field of the simplified model.
V. EXPERIMENT
A magnetic field measurement platform of DAR was built in the laboratory. As shown in Fig. 10(a) , the original model is tightly wrapped with copper enameled wire whose height is 148 mm, i.e., H /D = 1.19. Other parameters of the original model are the same as those in Section IV. To facilitate the experiment, a three-loop simplified model consisting of three coils with equal turns was built, as shown in Fig. 10(b) , with the coil height h of the simplified model set to H /8, H /4, 3H /8 and H /2. The schematic diagram of the magnetic field measurement of the original model is shown in Fig. 11 . An AC power with frequency f = 50Hz supplies the required current of the original model. The ammeter is used to measure the current in the circuit. The teslameter with a resolution of 0.01µT is used to measure the magnetic induction intensity, and the magnetic induction intensity of the background magnetic field is 0.03 µT. The measurement error of the magnetic induction intensity in the LTC direction is large due to its small magnetic induction intensity. The two curves of the magnetic induction intensity in the ATS and LTB directions are similar which can be used to represent the entire spatial SMFD of the reactor.
The SMFD of the four simplified models and the original model in the ATC and LTB directions were repeatedly measured 10 times, and the mean and standard deviation of these 10 data sets were obtained. Fig. 12 shows the SMFD measurement results of the four simplified models and the original model. As can be seen from Fig. 12(a) and 12(b) , the SMFD curve of the 3H /8 simplified model is most similar to that of the original model in both ATC and LTB directions.
The statistical parameters of the four simplified models are shown in Table 3 . According to (12) , when H /D = 1.19, the structure of the optimal model is ρ = 36.15%. The RMSE of the 3H /8 simplified model is only 0.0340 mT, which is the smallest compared with the rest of the simplified models. Analogously, the MAPE of the 3H /8 simplified model is also the smallest, with a value of 7.31%. The MAPE of the 3H /8 simplified model has not been reduced to a minimum of 2.5% because the difference of structure between the 3H /8 simplified model and the optimal model is still 1.35%. Comparing the SMFD of the four simplified models, it is revealed that both the RMSE and MAPE of the 3H /8 simplified model are the minimums. The SMFD of the 3H /8 simplified model in the ATC and LTB directions is closest to the original model. Therefore, the 3H /8 simplified model is considered to be the optimal model in the experiment, whose structure ρ = 37.5% is very close to the structure ρ = 36.15% of the optimal model obtained by simulation. The results prove the correctness of the simulation conclusion.
VI. CONCLUSIONS
According to the current research on DARs, a three-loop simplified model of a DAR was proposed. The structure of the simplified model is optimized by comparing the SMFD VOLUME 6, 2018 in several typical directions. The results of the simulation and the experiment are showed as follows:
In the LTC direction, the SMFD of the simplified model in the near-field region is less than that of the original model. This difference arises because of magnetic flux leakage around the three coils. In the calculation of the optimal simplified model structure, it is necessary to remove the near-field region in the LTC direction.
When the number of turns of the three coils is equal, the ρ of the optimal simplified model decreases as the H /D of the original model increases. The relationship between ρ and H /D can be expressed by the fitting formula (12) . As H /D increases in the original model, the RMSE of the optimal model increases gradually, MAPE increases, and R 2 decreases. The prediction error of the optimal model increases as H /D increases. When the value of H /D is in the range of 0.5 and 2, the RMSE of the optimal simplified model is in the range of 0.026 and 0.045 mT, MAPE is in the range of 1.5% and 5.5%, and R 2 remains above 0.98, all of which ensure the accuracy of the predicted magnetic field of the simplified model.
When the coil height and number of turns of the simplified model change simultaneously, the ρ of the optimal model decreases as H /D increases, and the η of the optimal model increases as H /D increases. The relationship between (ρ, η) and H /D can be expressed by the fitting formula (16) . The three variation trends of RMSE, MAPE and R 2 are the same as those of the simplified model with three coils of equal turns. When the value of H /D is in the range of 0.5 and 2, the RMSE of the optimal simplified model is in the range of 0.025 and 0.043 mT, the MAPE is in the range of 1 and 7%, and the MAPE in the ATC direction is less than 2%. R 2 remains above 0.98, all of which ensure the accuracy of the predicted magnetic field of the simplified model.
The SMFD of the four typical simplified models with the coil height h of the simplified model set to H /8, H /4, 3H /8 and H /2 was measured based on the experimental platform. The results show that both the RMSE and MAPE of the 3H /8 simplified model are the minimum values. The SMFD of the 3H /8 simplified model in the ATC and LTB directions is closest to the original model. According to the fitting formula (12) , the structure of the optimal model is ρ = 36.15%, which is very close to the structure ρ = 37.5% of the 3H /8 simplified model, proving the accuracy of the simulation conclusion.
The three-loop simplified scaling model of DARs has potentials of magnetic field prediction with high accuracy under design stage, which is of great engineering value. In addition, as a reference for other engineering fields, the optimal model after simplification can be employed to calculate the SMFD of equipment with divergent magnetic field.
Our future studies will focus on scaling rules setup of multi-DARs considering coupling effect, and magnetic shielding effectiveness of multi-simplified scaling models. 
